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- ABSTRACT

The inclination of oceanographic mooring lines due to current drag causes errors in time series observations
of currents and temperatures. The prediction of this effect requires knowledge of the drag coefficients for the
mooring components. Drag coefficients, known for simple geometric shapes such as spheres or cylinders, are
commonly used for mooring response computations. Selected mooring components (buoyancy elements and
instruments) were tested in a tow tank to determine their actual drag coefficients. Over the Reynolds Number
range, typical of oceanic conditions, deviations of the drag coefficient up to 50% are found when compared
with the appropriate simple geometric shape coefficients. A set of model moorings and model current profiles
is used to determine the resulting changes in component depth level and displacement. The changes in horizontal
displacement of the upper part of the mooring are on the order of 10% in extreme cases and 1% under typical
conditions. Their effects on current measurements will usually be negligible. However, the related vertical
displacements are on the order 100 to 10 m. Such vertical displacements may carry instruments to depth levels
where currents and particularly thermocline temperatures are sufficiently different from the intended level to
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cause errors in the time series observations.

1. Introduction

Oceanographic moorings are composed of instru-
ments, cables, buoyancy elements and auxiliary equip-
ment such as acoustic releases, radio beacons, etc.
Mooring design requires finding the appropriate com-
promise between the goal of keeping the mooring line
straight in the vertical and the requirement of mini-
mizing cable diameters and total buoyancy. With rea-
sonable choices of cables and buoyancy it has to be
accepted that forces due to current drag will cause a
non-negligible inclination of the mooring line (Fofon-
off, 1969). A knowledge of the degree of inclination is
required to estimate errors in time series observations
due to the resulting instrument displacements. A suf-
ficiently exact determination of the drag forces is
needed for predicting the mooring performance and
for selecting the appropriate mooring configuration
(Casarella and Parsons, 1970).

The drag force can be written as

F= % CppdV? (1)
where
FIN) drag force
Cp drag coefhicient
p (kg m™3) mass density of the fluid
A (m?) cross-sectional area
V(ms') relative velocity.

The drag coefficient is a characteristic dimensionless
number for a body in the flow field, depending on the
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Reynolds number Re and the direction of the current
with respect to a specified body axis:

2F :
Co =~ = fRe, @) @
where
Re = Vd/v Reynolds number, (3)
d (m) characteristic length,
v(m?s7!)  kinematic viscosity,
a angle between flow direction and

specified body axis.

When there is no tilt, « is zero.

Since cables, instrument housings and buoyancy
elements have shapes which approximately resemble
cylinders, spheres or other simple geometric forms, the
drag coefficients for mooring components are usually
assumed to be those of the corresponding bodies with
a simple shape for the appropriate range of Reynolds
numbers. Their data are available in mechanical or
ocean engineering handbooks (e.g., Sass and Bouché,
1956; Hoerner, 1965; Myers et al., 1969). In the case
of deep-sea moorings, cable drag presents the largest
portion of the overall drag forces because of the large
cross-sectional area (4), and drag coefficients have been
determined experimentally for some cables (e.g., Ber-
teaux, 1976). Although the errors in the selected drag
coefficients for other mooring components will be less
important because of smaller 4, they may well lead to
significant errors in predicted mooring line inclinations
and instrument depths. Buoyancy elements and in-
struments are often concentrated in the upper part of
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the mooring configuration. Drag force changes will be
more effective there in causing displacements because
of the mooring geometry and because of stronger cur-
rents in the upper layer (Fofonoff, 1969).

It was therefore decided to determine the drag coef-
ficients of selected mooring components that are com-
monly used in oceanographic laboratories, including
a special buoyancy element that is part of most moor-
ings of the Institut fiir Meereskunde (IfM) at Kiel Uni-
versity, It will be shown from tow tank results that
major deviations from the Cj, of corresponding bodies
with simpler geometry occur in some cases, and that
predictions of mooring performance can be signifi-
cantly affected.

2. The tested mooring components

The components selected for the tow tank measure-
ments are shown in Fig. 1, and the information on the
geometry is presented in Table 1.

(i) K450, Kiel 450 Kilogram Float: Synthetic foam
buoyancy element, ellipsoidal form. Material: Divin-
icell, manufacturer Diab Baracuda/Sweden. Comment:
This is a subsurface float used by IfM as a top element
in moorings, with additional radio beacon and light
inst'fllled. Compared to steel or aluminium spheres,
these floats are less susceptible to excessive pressure
during launching and are also fairly stable in surface
waves during recovery.

K450

B1
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(ii) K320, Kiel 320 Kilogram Float: Synthetic foam
buoyancy element, ellipsoidal form. Material: Divin-
icell, manufacturer Diab Baracuda/Sweden.

(1i1) B1, Benthos 2-Ball Float: Pair of deep-sea glass
spheres in hardhats (Benthos, type 204 HR-17) con-
nected by chain links (IfM). ‘

(iv) B2, Benthos 2-Ball Buoyancy: Pair of deep-sea
glass spheres in hardhats (Benthos, type 204 HR-17)
assembled in a frame (IfM) to be used as a surface float
in recovery operations,

(v) TR 1, Temperature Recorder: Thermistor Cable
Recorder, type TR 1. Manufacturer: Aanderaa/Nor-
way.

(vi) RCM 4, Recording Current Meter: Current
Meter, type RCM 4. Manufacturer: Aanderaa/Norway.

While the original components 3 to 6 could be towed
directly, components | and 2 had to be reduced in size
for the available tank. Table 1 summarizes the geom-
etry of all components in full and reduced size.

When towing reduced-size models, the towing speed
has to be adapted to conform with the necessary range
of Reynolds numbers. With » = 1.8 X 1072 to 0.6
X 1072 m? 57! in the temperature range —2 to 38°C
and a current speed range from 1072 to 1 m s/, the
following approximate Reynolds number ranges are
obtained from the values of d in Table 1:

K450, K320 (Kiel Floats) _ 6 X 10°-2 X 10°
B1, B2 (Benthos Float/Buoyancy) 2 X 10°-8 X 10°
7 X 10%-2 X 10,

TR 1, RCM 4 (Recorders)

approx.
0.5m

TRA1

FIG. 1. The tested mooring components.
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TABLE 1. Geometry of tested components: length in current direction, width, height and cross-sectional area normal to current direction.

Length Width Height " Cross-sectional
Number Component (m) (m) (m) area (m?)
1 K450 original 1.20 1.20 0.60 0.56
1 K450 model 0.36 0.36 0.18 0.051
2 K320 original 1.03 1.03 0.66 0.52
2 K320 model 0.28 0.28 0.18 0.040
3 Bl 0.44 0.90 0.48 0.45
4 B2 0.48 0.90 0.44 0.35
5 TR 1 0.13° 0.13 0.68 0.043
6 RCM 4 housing 0.13 0.13 0.68 0.043

The towing speed has to be increased in the case of the
reduced models to observe at the appropriate Reynolds
numbers. The following ranges of Re were used in the
tow tank experiments (20°C):

K450 (Kiel 450 kg float) 2.8 X 10*-8.3 X 10°
K320 (Kiel 320 kg float) 2.8 X 10*-5.1 X 10°
B1, B2 (Benthos float/buoyancy)

5.0 X 10%-3.2 X 10°
TR 1 (Temperature recorder)

8.2 X 10°-2.6 X 10°
RCM 4 (Recording current meter)

1.1 X 10*-2.6 X 10°

Experimental conditions thus correspond to a large
range of typical oceanic current speeds for K450, K320,
B1, B2 and to strong currents for TR 1 and RCM 4,

3. Experimental methods

The tow tank had the following dimensions: width
2.1 m, height 1.1 m, and length 35 m. The water depth
was 1.0 m, resulting in a cross-sectional area of 2.1 m?.
Rails on top of the tank guided a carriage to which the
tested components were attached. The speed of the
carriage could be controlled over the range 0.05 to 2.7
m s™!. After acceleration the carriage velocity was con-
stant for a 10 m distance, with the speed measured by
two light barriers and a quartz clock. Water tempera-
ture was monitored during the tests.

Forces were measured by a three-component balance
mounted on the carriage. The bodies tested were at-
tached to the carriage through a steel rod of 24 mm
diameter and with a length adjusted for the individual
bodies to be placed at mid-depth of the tank. The rod
was shielded by a streamlined cover to reduce the drag
on the supporting device, with a 5 cm distance between
the cover and the body to be tested. The ratio of forces
due to the drag on all the submerged parts and on the
supporting device alone is shown in Fig. 2 for the case
of K450 and K320 (Kiel Floats) models. The drag on
the supporting device has to be considered in evaluating
the data.

Measurement procedures included 1) the testing and
calibration of the balance before and after the tows, 2)
measurements of forces for each mooring component

60
FIN | o K450
4 K 320
504 + Support

240
Vicms-t

FIG. 2. Drag force F on the Kiel 450 kg float (K450, circles) and
the Kiel 320 kg float (K320, triangles) including the drag on the
supporting device and drag forces on the supporting device alone
(crosses).
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F1G. 3. Least squares fit of drag coefficient Cp, as a function of Reynolds number Re
for the Kiel 450 kg Float (K450). Error bars indicate standard deviations.
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FIG. 4. As in Fig. 3 but for the Kiel 320 kg Float (K320).
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FIG. 5. As in Fig. 3 but for the Benthos 2-ball float (B1).
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FIG. 6. As in Fig. 5 but for the Benthos 2-ball buoyancy float (B2).
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FIG. 7. As in Fig. 5 but for the temperature recorder TR 1.
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FIG. 8. As in Fig. 5 but for recording current meter RCM 4.
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FiG. 9. Coeflicients for normal (Cpy) and tangential (Cpy) drag
according to Egs. (6) and (7) as a function of instrument inclination
o, normalized by cosa and sine, respectively, for the temperature
recorder (TR 1) at Re = 5.2 X 10%

at selected speeds, 3) measurements of forces for. se-
lected angles of attack with components K450 (Kiel
450 kg Float) and TR 1 (Temperature Recorder) and
4) measurements with a standard cylinder for inter-
comparison.
Ervors can be determined from
2 2 24172
- )] @
Co Fy 4 vV
where ACp, AF,, Ap and AV are the deviations of the
drag coefficient Cp, the along-channel force component

0.3
O.ﬁ
0.1
J
O.G T Ll L] L) T T T LJ T L LJ U
0 5 10 15 20 25 30
o IDeg

F1G. 10. Drag coefficient Cp according to Eq. (2) as a function of
component inclination « and selected Re for the Kiel 450 kg float
(K450).

F,, the density p and the speed V. With AV ~ +10™*
m s~' and with Ap =~ +107" kg m™ for a temperature
variation of AT = +0.1°C, AV/V and Ap/p are found
to be 1-2 orders of magnitude below AF,/F,, and the
error in Cp, is therefore given to a good approximation
by

AFy

ACD=CD F .

(%)

Details on measurement procedures and the error
analysis are given by Finke (1984). The typical overall
relative error is about +3% for the Kiel Floats K450
and K320, and the recorders TR 1 and RCM 4, and
about +6% for the Benthos Float B1 and the Benthos

TaBLE 2. Comparison of drag coefficients for mooring components tested and for similar bodies with simple geometry.

Cp (comp) ~ Cp (body) x 1

Similar body with 00
Mooring component tested simple geometry Cp (body)
K450 Kiel 450 kg float Sphere —22%
K320 Kiel 320 kg float Sphere +6
B1 Benthos 2-ball float Spheres +52
B2 Benthos 2-ball buoyancy Spheres +14
TR | Temperature recorder Cylinder (1:15) +14
RCM 4 Recording current meter Cylinder (1:5) +35
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depth component component depth
0 o]
K 320 20
S 120
RCM 4 100
AINC
200
a TR 1
380 o B2 TC
B1
500
365 O RCM 4
865
1370 700
. 1000
1870
1100
2375
VACM 1800
2875
3000
3380
4700
3880 RCM 5 ——— 5250
Acoustic Acoustic
release release
4400 Anchor Anchor ;aoo

FIiG. 11. Configuration of moorings M1 (a) and M4 (b), with tested components K320, B1, B2, TR 1 and RCM 4,
and additional nontested components. $120: Buoyancy sphere with 1 m diameter, AINC: Inclination meter, TC:
Thermistor cable, RCM 5: Current meter for large depths, VACM: Vector averaging current meter, and Acoustic

release.

Buoyancy B2. Individual errors are indicated in the function of Reynolds number in Figs. 3-8, including

graphical presentations of results.

4. Results of tow tank experiments

The drag coefficients Cp, obtained from the tow tank
experiments with zero angle of attack are shown as a

error intervals. It is well known in hydrodynamics that
for bodies of round shapes such as spheres and cylin-
ders, a critical Reynolds number exists where Cp drops
to a lower value. This is due to the downstream move-
ment of the boundary layer separation point along the
body’s surface in the case of a turbulent boundary layer.



JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOI:OGY

262 VOLUME 3
TABLE 3. Speed profiles assumed for mooring performance computations.
Profile I Profile I Profile III
Mt M2 M3
Depth Depth Depth Speed Depth Speed Depth Speed
(m) (m) (m) (cms™") (m) (cms7™") (m) (cms™)
0 0 0 40 0 28 0 40
4400 440 176 0 1000 20 245 40
1500 17 550 50
2000 12.5 755 65
3000 0 1160 35
4400 0 1665 6
1760 6
3020 5
5300 0

For sharp-edged bodies the separation point is fixed,
and there is a tendency to constant Cp, values over a
larger range of Reynolds numbers (Prandtl, 1969). A
typical range for the drop in the drag coeflicient, due
to this effect, is 3 X 10° to 5 X 10° (Sigloch, 1982),
depending mainly on the character of the flow field
and the roughness of the body’s surface. The curves in
Figs. 7 and 8 indicate the drop of Cjp in the expected
- range of Reynolds numbers for the temperature re-
corder and current meter. The critical Reynolds num-
ber is not reached in our measurements in the other
cases presented in Figs. 3 to 6. The levels of Cp, for
Reynolds numbers below the critical value are found
to deviate from those of bodies with simple geometric
shape. The most important deviations are those of the
Benthos glass spheres (B1 and B2) because large num-
bers of such spheres are usually included in deep-sea
moorings. The increase of Cp by about 50% for the

., ....1000 x/m 2000 co

290 ,

Benthos 2-ball float Bl is apparently caused by the
deviations from a spherical shape due to the plastic
hardhats and the frame with sharp edges. A corre-
sponding increase of Cp can be expected in glass ball
tandem configuration with similar hardhats.

With the mooring bending over due to current forc-
ing, mooring components may be inclined from the
vertical. The change of drag forces due to a non-zero
angle of attack was determined for the Kiel 450 kg
Float K450 and the temperature recorder TR 1. In
such cases drag forces are composed of normal and
tangential components. For cables the normal and
tangential drag forces are commonly assumed to be
proportional to the square of the normal and tangential
velocity components, respectively, with corresponding
drag coefficients Cpy and Cpy taken constant and in-
dependent of the angle to flow direction (Choo and
Casarella, 1971). The tangential drag force is small. In

X/m 400 0 40  x/m 80

z/m|  mooring zim

M1

2200+ 4404

current protile

1

zim
1 M3

88

176

4400 880

FIG. 12. Response of the three moorings M1-M3 to the linear current profile I with Cp sets 1
(simple geometry, left curve) and 2 (data of this study, right curve).
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FIG. 13. Response of moorings M1 and M4 to selected current profiles with Cp, sets 1
(simple geometry, left curve) and 2 (data of this study, right curve).

the case of three-dimensional bodies limited in length
this is no longer valid. We define normal and tangential
drag coeflicients Cpy and Cpr by

2Fy
Cov="11%, (6)

_ 2Fr
Cor= =5, ™

where Fy and Fy are the drag forces normal and tan-
gential to the body’s axis, 4 is the cross-sectional area
for the non-tilted case as defined in Eq. (1), and V is
the horizontal velocity. For the temperature recorder
TR 1 the drag coefficients Cpy and Dp; based on nor-
mal and tangential drag force are shown in Fig. 9, in-
dicating a dependence on the sine and cosine of the

angle relative to flow direction. The tangential drag
composes a considerable part of the total drag. Drag
coefficients for the horizontal drag force according to
Eq. (2) acting on the Kiel 450 kg Float K450 are pre-
sented in Fig. 10. A significant increase towards greater
angles is found, and a similar dependence is assumed
for the Benthos 2-ball buoyancy float B2. A comparison
of drag coefficients for the mooring components tested
is presented in Table 2.

5. Prediction of mooring performance

The effect of changing Cp from the traditionally used
simple shape values to the Cp values obtained from
our tow tank experiments will be studied in the follow-
ing. In order to determine systematic differences be-
tween deep-sea and shallow-water moorings three sub-

TABLE 4. Depths z and horizontal displacements x of top components, and increases in depth Az and in displacement Ax of top
components with the change from Cp, set 1 (simple geometry) to set 2 (data of this study).

Horizontal Change in:
Depths displacement
(m) (m) Horizontal
Depth displacement
Profile Mooring No drag Cpset 1 Cpset 2 Cpset 1 Cpset2 (m) (m)
I M1 360.0 672.2 763.0 1530.6 1726.6 90.8 196.0
M2 67.5 88.9 103.4 183.3 236.1 14.5 52.8
M3 7.3 9.1 10.6 21.8 31.6 1.5 9.8
I Ml 360.0 434.3 469.9 760.5 913.3 35.6 152.8
1 M4 113.4 484.0 500.4 1855.0 1891.3 16.4 36.3
I M4 1134 180.4 185.1 821.3 847.2 4.7 25.9
I M4 113.4 1 673.0 680.1 2330.2 2340.9 7.1 10.7
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surface moorings with corresponding configurations
and depth ratios 25:5:1 were selected (Fig. 11a).

M1: Deep-sea mooring, bottom depth 4400 m,
top component at 360 m depth

M2: Medium-depth mooring, bottom depth 880 m,
top component at 67.5 m depth

M3: Shallow-water mooring, bottom depth 176 m,
top component at 7.3 m depth.

Corresponding configurations and current profiles are
selected. Only Benthos glass spheres are used for pro-
viding buoyancy, eight current meters are included,
and the ratio of total buoyancy to total weight in water
was set constant for all three moorings. Cables are as-
sumed to be cylindric with 11 mm diameter and a
weight of 0.6 N m™!. The values of Cpy and Cpy for
normal and tangential drag forces are 1.3 and 0.007,
respectively. The computer programs are taken from
Schroder (1982) and Breitenbach and Schroder (1983),
with appropriate changes of Cp. Two types of current
profiles with constant direction are assumed for the
moorings M1 to M3: A linear profile I with constant
surface-to-bottom speed difference and a profile II
which is similar to a case observed in the northeast
Atlantic by Siedler et al. (1985). Also determined is
the response of a mooring M4 (Fig. 11b) actually de-
ployed by the above authors, with the profiles just
mentioned and another case of an observed current
profile (III). The profiles I-1II are presented in
Table 3. ,

The resulting mooring line configurations for the
two sets of Cp and current profiles no. I and II are
presented in Figs. 12 and 13. Table 4 summarizes the
increases in depth and displacement of the top com-
ponent of all the moorings considered.

6. Discussion

In the seasonal and main thermocline of the ocean,
vertical displacements of temperature sensors from a
few to tens of meters will cause changes in the observed
temperatures that are of similar order of magnitude as
the temporal changes at a fixed level. Horizontal dis-
placements cause errors in current observations due to
the reduced velocity relative to the current sensor dur-
ing the period the mooring needs to reach its equilib-
rium after a change in currents (Paquette, 1963). Since
a certain amount of mooring inclination cannot be
avoided, a knowledge of the actual displacements in a
strong-current regime is required to estimate the above
errors in time series observations. In order to predict
changes in mooring inclination during the design phase,
drag forces have to be calculated for expected current
profiles. The tow tank experiments of this study yield
the result that major deviations in drag coefficient val-
ues occur when comparing coefficients for mooring
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components to those of corresponding bodies with
simple geometric shapes. Deviations are on the order
of 10-50%.

The above deviations in drag coefficients cause an
increase of horizontal and vertical mooring displace-
ments. Although the total drag on the components dis-
cussed here will in general be small compared to the
total drag on the cables, the deviations resulting from
this study are not negligible. In extremely strong cur-
rents, the change in vertical displacement is about 10—
100 m, in more typical open-ocean currents it is around
10 m. Such depth changes are sufficiently large to cause
essential errors in temperature time series observation,
and they can be important for current observations in
the case of strong vertical current shear.
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